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Durability and reliability of anode supported SOFC stacks have proven unsatisfactory in large 
scale trials, showing rapid failure, thermal cycling intolerance and step change in electrochemical 
performance most likely related to mechanical issues. Monitoring and understanding the 
mechanical conditions in the stack especially during temperature changes can lead to 
improvements of the design and of the operating regime targeting maximum durability. Within this 
project modelling and simulation of thermal stresses within the different parts of the cells and the 
stack and the validation of this models play a key role and were performed in this work. 
 
The modelling and simulation of stress and strain have been carried out using the FEA software 
ABAQUSTM.  Model variations documented the importance of exact knowledge of material 
properties like Young’s modulus, Poisson’s ratio, thermal expansion coefficient, thermal 
conductivity and creep viscosity. The benefit of literature data for these properties is limited by the 
fact that all these properties are highly dependent on the composition of materials but also on 
details of the fabrication process like mixing, fabrication technique and sintering temperature and 
duration.  The work presented here is an investigation into the modelling techniques which can be 
most efficiently applied to represent anode supported solid oxide fuel cells and demonstrates the 
temperature gradient and constraint on the stresses experienced in a typical design. 
 
Comparing different meshing elements representing the cell parts thin shell elements (S4R) 
provided the most efficiently derived solution. Tensile stress is most significant in the cathode 
layers reaching 155 MPa at working conditions. The stress relieving effect of creep led to a 
reduction of stress by up to 20% after 1000 hours at 750°C, reducing the tensile stress in the 
cathode area to maximal 121 MPa. Constraint between bipolar plates increases the tensile stress, 




Some of the main obstacles in the way of commercialization of SOFC fuel cell systems at the 
current stage of development are unsatisfactory durability, poor tolerance to thermal cycling and a 
reduced life-time. Some steady state degradation can be attributed to classical SOFC issues of 
cathode poisoning, phase segregation and anode Ni coarsening. However, rapid failure, cycling 
intolerance and step changes in performance are most likely associated with mechanical issues.  
The UK-Korea joint project “Novel diagnostic tools and techniques for monitoring and control of 
SOFC stacks - understanding mechanical and structural change” aims to provide insight into 
mechanical degradation and defects and their effect on cell and stack performance by computer 
modelling and experiments.  As a part of this project it is the goal of this work to investigate the 
thermal stress the different parts of the partner’s SOFC cells and stacks are exposed to while 
undergoing various temperature changes during fabrication, operation and maintenance.  A key 
element to achieving this goal are the development of suitable FEA methods and compiling the 
relevant materials data set.  Aspects of this are discussed and presented in this short 
communication. 
 
Finite element analysis (FEA) investigations of thermal stress in planar fuel cells including residual 
stress have been carried out by Anandakumar [1], who modelled functionally graded SOFCs, and 
by Laurencin [2] and Pitakthapanaphong [3] using multi-layered systems. Laurencin [2] compared 
degradation effects in anode supported and electrolyte supported cells. Johnson [4] used a 3D 
reconstruction method to model the infrastructure and determined an effective Young’s modulus 
and an effective thermal expansion coefficient based on this microstructure. Clague [5] used FEA 
modelling of a planar SOFC to predict the stress during the whole life-cycle including fabrication, 
anode reduction and operation under different loads. FEA analysis of thermal stress in SOFC cells 
of tubular and micro-tubular design has, amongst others, been carried out by Nakajo [6] and Cui 
[7]. The key requirement for realistic results of thermal stress calculated by FEA software is the 
input of reliable material data like Young’s Modulus, Poisson’s Ratio, Thermal Expansion 
Coefficient and creep coefficient for all materials involved in the model. Finding material data by 
experiments is time consuming, expensive and the results would need to be validated by 
comparing them to literature values to be reliable. Material data for common SOFC materials and 
composites like Ni/YSZ, YSZ, CGO, CGO/LSCF and LSCF, which are used in the cell studied in 
this work, are widely available from literature, however, the values depend on fabrication details of 
the tested materials. Parameters like particle size of the used powders, way of fabrication, 
sintering temperature and presence of pore formers influence the microstructure of the tested 
sample and the material properties. 
 
Selcuk [8], Pihlatie [9] and Jia [10] agree in the opinion that the key factor for Young’s Modulus 
and Poisson’s Ratio of the composite Ni/YSZ anode is porosity rather than chemical composition, 
while the thermal expansion coefficient is increasing with increasing NiO and Ni content according 
to Mori [11] and Johnson [4]. Radovic [12] studied the thermal conductivity of the Ni/YSZ cermet 
and found values increasing from 4 W/mK to over 6 W/mK if the porosity is decreased from 40% to 
26%.  The elastic properties of the YSZ electrolyte depends on the percentage of yttrium oxide, 
sintering temperature and bulk density according to Giraud [13] and Adams [14] and additionally 
on the pO2 value of the atmosphere they were tested in according to Kushi [15]. The values for the 
Young’s Modulus at room temperature differ from 165 GPa [12] to 220 GPa [14]. Biswas [16] 
found that the thermal expansion coefficient of YSZ decreases with increasing amount of yttria in 
YSZ.  Additional to the factors important for YSZ, the percentage of cerium reduced from Ce4+ to 
Ce3+ plays a role for the values of both thermal expansion coefficient and Young’s Modulus as 
described by Hayashi [17] and Kushi [15].  CGO/LSCF composite materials differ in their elastic 
properties mainly due to different porosity according to a study by Chen [18] and in their thermal 
expansion coefficient due to different percentage of the components of the composite according to 
Li [19]. 
 
It seems clear that choosing the material data compliant with the situation in a particular fuel cell 
requires in depth knowledge about every particular of raw materials, fabrication process and 




















In this study a 16x16cm square planar cell was modelled in the way schematized in figure 1a. In 
the center of the cell is a 15x15cm active area with a thickness of 700 µm, comprised of two anode 
layers, an electrolyte layer, a compatibility buffer layer and two cathode layers. The inactive area 
at the border of the cell has a width of 0.5 cm and with a thickness of 630 µm it is slightly thinner 
because it lacks the two cathode layers. A summary of the chemical composition of each of the 
layers is displayed in table 1. Since the cell is symmetric along the x-axis, only half of the cell was 
modelled. The size and specification of the cell is typical of what could be considered for use 




Figure 1: Schematic of the cell geometry of a) an unconstrained cell and b) a cell constrained between two 
bipolar plates. Dimensions are shown in mm. 
 
 
Layer name Size  Thickness  Composition 
  [cm] [µm]   
Bulk anode 16x16 600 Ni / 8-YSZ 50%wt as oxide, 35% porous when reduced 
Anode functional layer 16x16 10 Ni / 8-YSZ 50%wt as oxide, 10% porous when reduced 
Electrolyte 16x16 10 8-YSZ, fully dense 
Compatibility layer 16x16 10 20-GDC, fully dense 
Active cathode 15x15 10 50%wt 20-GDC / LSCF, 35% porous 
Bulk cathode 15x15 60 LSCF, 35% porous 
 











The physical materials properties of these layers where derived from the compiled data from 
Nakajo [20] as a self-consistent dataset.  The important properties for the analysis are the elastic 
modulus, poissons ratio (though the variation in this value is less extreme), coefficient of thermal 
expansion and creep.  This allows differences in thermal expansion coefficient to drive thermal 
stresses resisted by the layer stiffness’s. Creep is critical as a stress relief mechanism and is 
particularly important for the anode which has the least creep resistance of the layers. It therefore 
allows for some stress relief or change in stress field in the composite layers during operation. 
 
Figure 1 summarises the temperature dependent modulus and expansion coefficient data used in 
the model.  These data have been smoothed to allow more efficient solving in Abaqus whilst still 
retaining sufficient resolution for the analysis.  The effect of porosity on the reduction of the elastic 
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Figure 2:  Elastic modulus and coefficient of thermal expansion data used in Abaqus model. (Anode 
functional layers and bulk layers are taken to have the same thermal expansion coefficient) 
 
The creep model used in the simulation is the hyperbolic sine model which efficiently captures the 
effect of temperature and stress on creep strain rate.  However, in the simulation performed only 
steady-state creep is considered.  The creep model used is given below in equation 1 with the 
parameters used for each layer in table 2 below. 
 
 






Equation 1:  formula for the creep strain, where: εcr is the creep strain rate, A and B are constants, σ is the 









Bulk anode 4.0 5 x 10
-4
 1.7 115 
Anode functional layer 4.0 5 x 10
-4
 1.7 115 
Electrolyte 1.8 x 10
5
 1 x 10
-3
 0.5 320 
Compatibility layer 3.5 x 10
4
 5 x 10
-4
 1.0 264 
Active cathode 3.5 x 10
4
 5 x 10
-4
 1.0 264 
Bulk cathode 6.0 x 10
12
 5 x 10
-4
 1.7 392 
 
Table 2:  creep data used in simulations [20].  Some uncertainty exists in creep data but the values used from 
the literature clearly show the significantly lower creep resistance of the porous and reduced anode. 
2.3 Simulation meshing elements 
 
The cells themselves are often thin planar structures with dissimilar materials and in the case of 
some layers very differing thicknesses.  This presents some difficulties in FEA as to how this can 
be most efficiently simulated since using traditional 3D continuum elements would require a very 
fine mesh. This means that stack simulations with many cells and the complexity of numerous 
multibody interactions would become very computationally intensive.  In this study 4 different 
approaches were compared using the specialist element libraries available in AbaqusTM software. 
Four candidate representations that are considered to most accurately capture the stress and 
strain fields were considered in this work as a starting point for the simulation procedures to be 
used in the larger project.  In each case the simulations considered temperature dependent creep, 
thermal expansion coefficient and elastic modulus.  The mesh density was kept constant though 
the number of integration points (where stress and strain calculations are resolved) differs with the 
element type used. 
 
(A) Thin shell element method (S4R elements).  This uses 4 node elements but with 5 integration 
points per layer.  These elements capture bending and membrane stresses efficiently but 
have only a 2D planar representation which can lead to some difficulties in defining 
interactions with other bodies. 
(B) Continuum shell methods (SC6R elements).  This is similar in definition to the thin shell 
element method only the elements have a 3D representation making interaction with other 
bodies simpler though the stiffness controls are less comprehensive. 
(C) Incompatible modes methods (C3D8I elements).  This is a hybrid method using incompatible 
modes 3D elements for the bulk anode with a ‘skin’ of the thinner layers (anode active – 
cathode bulk) in thin shell elements (S4R).  Incompatible modes elements are good at 
capturing bending with only a single element through thickness of the beam.  However, for 
the stress and bending result to be valid the C3D8I elements must be regular hexahedra 
limiting their application to square geometries. 
(D) Standard continuum methods (C3D8R elements).  This again is a hybrid method using the 
basic continuum element for the bulk anode with a ‘skin’ of S4R elements.  The basic 
continuum element is fast to solve but requires a minimum of 4 elements through the 
thickness of the beam section to accurately capture bending. 
 
To compare these representations a common set of simulation steps described in 3.5 were 
adopted for half symmetry models with a planar mesh density of 2.5 mm.   
 
 
2.4 Boundary conditions and constraints 
 
The unconstrained cell as depicted in figure 1a was bound at two points at the symmetric axis to 
prevent movement along the z-direction, referring to figure 1a these points have the coordinates  
(0/-80/0.63) and (0/80/0.63), one of these points additionally constrained the cell movement in the 
y-direction. 
 
As further extension of the study the most efficient and promising method was combined into a 
simple single cell model which incorporated constraint that would be experienced by machined 
stainless steel (Crofer 22APU [21]) bipolar plates.  These plates were 2 mm in thickness with 
continuous rib features 1 mm deep with 2 mm contact lands.  These ribs were evenly spaced 
every 4 mm, as shown in figure 1b.  The plates were arranged such that anode and cathode 
contacts were aligned since offsetting would lead to high local stress concentrations due to 
bending.  A contact pressure equivalent to a compressive load of 10 kg on the cell was applied to 
the cell for the same thermal steps as described previously but for a single case with an average 
operating temperature of 750 °C and a gradient of +/- 40 °C. The boundary conditions were 
applied to the bottom face of one of the bipolar plates to prevent movement along the z-direction 
and to one point on each of the bipolar plates to prevent y-direction movement. (0/-80/2.63) and 
(0/80/-2) 
 
To provide an even more realistic perspective to the boundary conditions of the cell, the enclosure 
of this single cell and its bipolar plates inside a metal housing was added to the model. The 
sealing of the cells, the bipolar plates and the housing was simulated by a combination of 
compressive seals and glass-ceramic sealant as described in newer literature [22] and 




Figure 3:  Schematic of the connection of a single cell with two interconnector plates and a metal housing 




2.5 Simulation steps and temperature distribution 
 
Temperature fields were pre-defined and changed dependent on time and location to simulate the 
duty cycle of a planar element in a SOFC stack, starting with the simulation of a 1200 °C sintering 
period constituting the last production step of the cell. 
 
At working conditions a temperature gradient along the y direction of the cell is caused by the 
exothermic oxidation of the fuel, occurring to a greater extent at the place the fuel enters the 
bipolar plate, so the fuel inlet side of each of the single cells is hotter than their fuel outlet side [23]. 
This temperature difference is increasing with increasing electrical load on the cell. 
 
Experimental data about the temperature distribution in commercially available SOFC stacks is 
hardly ever published, the temperature distribution data available in literature is obtained from 
simulations or experimentally from lab designed and sized stacks. The difference in temperature 
between the cells located at different parts of the SOFC stack are reported to be less than 1 K [24] 
assuming highly thermal conductive metal cases, or in other cases up to 80 K [25], due to the 
temperature of the reaction gas being slightly lower than the average temperature of the stack.  
 
Additional to the thermal gradient in the y direction mentioned above, different base temperatures 
of 750 °C and 780 °C were simulated in the part of the research about the method comparison, 
and base temperatures of 720 °C, or 750 °C and 800 °C in the case of cells constrained between 







The simulation steps were as follows: 
 Cool from 1200 °C to an average operating temperature of either 720 °C, 750 °C, 780 °C or 
800 °C with cells in a flat annealed state at the start. The simulated duration of this step 
was 10 hours 
 Apply a linear temperature distribution gradually over a simulated time of 30 minutes.  This 
was to simulate progressive electrical loads on the cell. Five gradients were considered for 
each mean temperatures; no gradient, +/- 20 °C, +/- 40 °C, +/- 60 °C and +/- 80 °C. 
 Hold for 1,000 hours at operation temperature. This was to explore how creep of particularly 
the anode would affect the stress results. 
 
This simulation procedure allowed the results between each method to be compared and the 
simulation time examined to determine which method can be most efficiently used to capture 
thermal stress and strains in a planar anode supported SOFC. 
  
 
2.6 Basics of the mathematic algorithm 
 
The driving force of the stress and strain changes with changing location and changing simulation 
conditions are the different thermal expansion coefficients of the geometry parts combined with 
changes of temperature. According to the thermo-mechanical model used by the FEA software, all 
parts undergo elastic deformation when subject to thermal load, the resulting thermal strain is 
calculated from equation 2. 
 
 
Equation 2:  formula for thermal strain in which εth is the thermal strain, α is the coefficient of thermal 
expansion and Tref the stress-free temperature. 
 
 




Equation 3:  formula for the stress strain relationship under thermal load, where E is the Young’s modulus, ν 








3.1 Method comparison 
 
The total cell distortion in the ‘z’ direction along with the peak principal stress values in the layers 
are displayed in Figure 4 at the start of the 1,000 hour hold and in Figure 5 at the end of the 1,000 
hours. Each figure shows the effect of temperature gradient at the two operating temperatures and 
compares the 4 different modelling techniques. The model used for the comparison of different 
meshing elements is based on the unconstrained single cell as depicted in figure 1a. 
 
 
Figure 4:  Displacement and maximum principal stresses in layers at the start of the 1,000hour hold for 


























































































































































































































































































Figure 5:  Displacement and maximum principle stresses in layers at the end of the 1,000 hour hold for 
different operating temperature, temperature gradients and modelling techniques  
 
 
With ceramic materials high tensile stresses can be considered to be potentially the most 
damaging since they have low fracture toughness, though buckling delaminations can occur if 
interfaces are weak and / or compressive load is extreme.  These models assumed a well-
developed interface not prone to delamination.  Both Figures 3 and 4 show that both average 
operating temperature and thermal gradient are important when considering thermal stress. Figure 
4 particularly shows that creep is important in stress relief but although the total strain energy is 
reduced in the model some layers can still be subjected to high stresses which may lead to 

























































































































































































































































































Predicting stress and strain variations in an unconstrained cell as in this simulation is (counter-
intuitively), quite a difficult problem to simulate as slight differences in stiffness response allow 
initiation of different bending modes in notionally identical conditions.  The displacements in these 
modes are then accentuated by creep during longer holds, such as that used here, which lead to a 
divergence in the predictions as can be seen in Figure 5.  This is experienced in practice where 
cells in a furnace during manufacture will sometimes exhibit different final shapes due to slight 
differences in layers altering stiffness at a critical point in the process where the final distorted 
shape is influenced.  Given this complexity the similarity in results before the 1,000 hour hold 
demonstrate that broadly either of the methods could be used though the standard continuum 
method can be seen to be the most different displaying high bulk anode stiffness and shape which 
is likely to unrealistic and caused by insufficient mesh density for this type of element.  Examples 
of the final distorted shapes predicted for one of the simulations is shown in Figure 6.  This shows 
clearly the difference between the two specialist shell element techniques and the incompatible 




Figure 6:  Final distorted shapes for 750°C operating temperature +/- 40 °C. (A) Thin Shell, (B) Continuum 
shell, (C) Incompatible modes, (D) Standard continuum.  Vertical displacements in mm, temperature increase 
to the right on each diagram. For the coloured version of the figures please see the online version of the 
paper. 
 
The absolute stresses calculated for the layers will depend on the materials data used as 
previously discussed (as well as the methods), but useful trends and areas in the geometry likely 
to cause problems can be highlighted.  Figure 7 shows the electrolyte and cathode layer stresses 
at the end of one of the simulations.  This shows clearly the cathode layers experiencing high 
tensile stresses due to the high expansion co-efficient, showing maximal tensile stress of more 
than 120 MPa.  These stresses are above or close to the characteristic strength (where 63.2% of 
the population would have failed) used in Weibull analyses for LSCF based materials [20].  The 
electrolyte and compatibility layers are under compression in the active areas of the cell as would 
be desirable but around the perimeter where there is no cathode these layers are pulled into 
tension by the strain of the neighbouring active area. The maximal values for the tensile stress in 
the inactive areas are 38 MPa for the electrolyte and 71 MPa for the compatibility layer, both 
significantly under the characteristic stress for YSZ and GDC, which are 220MPa and 150MPa 
respectively [20]. This may be unrealistic in practice as the strength of both these layers compared 
to the cathode layers is significantly higher [20] and it is more likely that the cathodes craze or 
delaminate limited this effect.  However, this does begin to show the complexity and importance of 






Figure 7: Stresses in selected layers for 750°C operating temperature +/- 40 °C. (A) electrolyte, (B) 
compatibility layer, (C) active cathode, (D) bulk cathode.  Stresses are in MPa, temperature increase to the 
right on each diagram.  
 
 
When considering the typical calculation time for each modelling as shown in Table 3 it is clear 
that using thin shell elements gives the most efficiently derived solution.  An investigation into the 
sensitivity of the result to mesh density using thin shell elements shows that further understanding 
about the stress concentrations can be determined but in this case further geometric complexity 




Method Shell Continuum shell Incompatible modes Continuum 
Time / s 138 902 482 689 
 
Table 3:  Wall clock simulation times for different methods for 750°C operating temperature +/- 40 °C.  
Simulation was on intel CoreI7 using 2 CPUs and 16Gb RAM. 
 
 
3.2 Constrained cell 
 
The introduction of constraint between two current collector plates greatly increases the number of 
elements and the time for the simulation to solve as Abaqus is now required to solve the contact 
interactions iteratively before the equilibrium iterations are made.  This is significantly more 
intensive and increased the wall clock time by around a factor of 50.  Considering this is for a 
single cell it can be appreciated that for stacks with many more elements and multibody 
interactions, the use of high power computing and parallelization across many CPUs and GPUs 
becomes very important in achieving results in a useful timescale. Figure 8 shows the maximum 
principal stresses achieved in the electrolyte and cathode layers while the cell is constrained.  The 
data is presented before and after the 1,000 hour hold at temperature.  This figure clearly shows 
that constraint further exacerbates the stresses experienced.  Of particular interest is the areas of 
compatibility layer and electrolyte layer in the active regions which now experience tensile 
stresses.  This illustrates the need for careful design of compression loads and the design features 




Figure 8:  Stresses in selected layers for 750°C operating temperature +/- 40 °C. (A) electrolyte, (B) 
compatibility layer, (C) active cathode, (D) bulk cathode.  Stresses are in MPa, temperature increase to the 
right on each diagram.  Cell is constrained between ribbed bipolar plates with a load of 10 kg.  
 
3.3 Cell constrained and sealed into a metal housing 
 
The simulation assumes the metal housing and the pre-fabricated single cell to be assembled at 
room temperature. The residual stress in the different ceramic layers from the cool down step from 
1200 °C adds to the stress caused by heating up the sealed stack to the working temperature of 
750 °C +/- 40 °C. Since the metal housing has a slightly higher expansion coefficient than the 
ceramic layers of the cell, the connection with it during the heating step will cause additional 
tension to the ceramic layers. The results of the simulation of a cool down phase from 1200 °C to 
room temperature followed by heat up to working temperature and a 1000 hour hold period on the 
model of a cell sealed in the way described in section 2.4 and schematized in figure 3 are 
presented in figure 9. The comparison of the stress values of the sealed cell with the constrained 
cell stress values in figure 7 shows the expected decrease of compressive stress in the active 
area of the electrolyte (maximal -60 MPa instead of -115 MPa) and increase of tensile stress in the 
cathode area (maximal 161 MPa instead of 131 MPa). The average tensile stress in the inactive 
area of the electrolyte increased to around 50 MPa compared to around 20 MPa in figure 7, 





Figure 9:  Stresses in selected layers for 750°C operating temperature +/- 40 °C. (A) electrolyte, (B) 
compatibility layer, (C) active cathode, (D) bulk cathode.  Stresses are in MPa, temperature increase to the 
right on each diagram.  Cell is constrained between ribbed bipolar plates with a load of 10 kg, and additionally 




3.4 Influence of different cell temperature  
 
The stress and strain conditions in simulations of single cells with working temperatures of 720 °C 
+/- 40 °C, 750 °C +/- 40 °C and 800 °C +/- 40 °C were investigated to account for different cell 
temperatures at bottom, middle and top of a lab research long stack described in literature [25], 
the fuel gas in this particular literature case was fed at the bottom of the stack at a temperature of  
625 °C. The simulation deals with a cell constrained between two bipolar plates using a load of 10 
kg, same as in the simulation described in chapter 3.2. Using 1200 °C as a no-stress temperature, 
stress in all layers is supposed to be highest at the coldest location, the bottom cell with a working 
temperature of 720 °C +/- 40 °C, which was confirmed by simulation. Stress contours for the 
different cell layers are depicted in figure 10, they reveal a maximum tensile stress of 145 MPa in 
the active cathode layer, compared to 130 MPa at a working temperature of 750 °C +/- 40 °C 
(figure 8). The maximal compressive stress in the electrolyte layer is -124 MPa compared to the -




Figure 10:  Stresses in selected layers for 720°C operating temperature +/- 40 °C. (A) electrolyte, (B) 
compatibility layer, (C) active cathode, (D) bulk cathode.  Stresses are in MPa, temperature increase to the 




A solid oxide fuel single cell comparable to the simulated cell in composition and thickness of the 
layers was provided by HK Oil for experimental investigation. The cell was heated from room 
temperature to 800 °C in a lab furnace with quartz windows allowing optical access. The strain 
caused by the thermal expansion of the cell was measured by a 3D video gauging system and 
compared to the strain results of the simulation of a heat up from room temperature to 800 °C 
using the model of the unconstrained cell also used in the simulations described in chapter 3.1. 
The strain experimentally measured from the HK Oil cell in the lab furnace prove to be 5.15 % 
larger than the strain predicted by the FEA simulation, which is probably due to slight inaccuracies 
in material data and boundary conditions. The reasonably good accordance between the 
measured and computed strain values can, however, validate the stress and strain results from 




The successful FEA analysis of SOFCs requires a detailed knowledge of the layers in the cell 
such that the most appropriate materials properties can be used.  AbaqusTM can be used to 
complete such analyses but care is required when selecting the simulation methods to best 
represent the thin layers.  From the results obtained the use of thin shell elements is most 
promising, giving efficient solutions though validation by experimental work is required. The work 
reported here highlights the importance of geometric considerations and constraint when 
considering the stress experienced in cell layers. Relief of tensile stress by creep could be 
observed by simulation of a 1000 hour hold period at operation temperature, most impressively in 
the cathode layers, where it led to a reduction by around 30 MPa. The effect of different 
temperatures and different ways of cell constraint on the stress experienced in the different layers 
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